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Title; Novel Nanof abrication Scheme for InAs/AlSb Heterostructures 
Purpose: 

We report a new technique for nanofabrication in the InAs/GaSb/ALSb material system. 
We demonstrate with experiment and the support of a self-consistent band bending 
calculation that this novel scheme is highly effective fornanofabrication. 

Background: 

Rapidly developing nanofabrication technologies such as electron-beam and atomic* 
force-microscope (AFM) lithography and a variety of growth/synthesis techniques have 
enabled a number of material systems to exhibit mesoscopic phenomena. For example, 
metallic wires/rings,^ carbon nanotubes,^ and GaAs/AlGaAs heterostmctures.^ Among 
them, the GaAs/AlGaAs system is the most intensively studied due to the long mean free 
path (le) of two-dimensional (2D) electrons in heteroj unctions. As a result, it is possible 
vidth current technology to fabricate ballistic one-dimensional (ID) wires, where W<L<le. 
Here W and L are the device's lateral confinement dimensions, width and length, 
respectively. The lateral confinement can be accomplished by a number of methods, e.g., 
mesa-etch or split-gate approaches. However, due to mid-gap pinning of the surface 
Feraw level (Ef) in the GaAs/AlGaAs system, electrons are completely depleted in 
heteroj unctions whose metallurgical width (Wm) is narrower than 0.5 fxm or so. Recently, 
a number of variations on nanofabrication, e.g., AFM anodization"^ and front-gate 
induction,^ have been attempted to further reduce device dimensions. 
The 2D electron gas in In As quantum wells (QWs) is also known to have a long mean 
free path. In addition, it has a number of properties that are advantageous for 
nanofabrication and for studying low-dimensional physics. First, the surface Fermi level 
pinning position in InAs, Ef (lnAs), is above the conduction band. This property makes it 
possible to fabricate isolated conducting wires with widths in nanometers,^ which 
suggests the possibility of fabricating a complex circuit with compact dimensions. 
Second, a small electron effective mass (me* = 0.023 mo) results in a large quantization 
energy, favorable for the observation of low-dimensional phenomena at higher 
temperatures. Finally, the relatively large Lande g-f actor {go = -15) is essential for 
studying spin related physics, e.g., Beny's phase resulting from the Rashba effect.*^ 

Description And Operation: 

We describea stmcture design and a novel process scheme that leads to a breakthrough in 
nanofabrication in the InAs/AlSb single QW system. Figure 1 depicts the proposed 
sample structure. It has a 2 fxm undoped GaSb buffer, GaSb/AlSb smoothing superlattice, 
a 100 nm AlSb bottom barrier, a 17 nm InAs QW, a 25 nm AlSb top barrier, and three 
cap layers, consist of InAs/AlSb/InAs 3 nm each. Our goal is to design a structure where 
2D electrons are absent in the InAs QW for as-grown samples. This is accomplished by 
two means: a low Ef(InAs) and a pnloped cap layer. It has been shown that Ef(InAs) is 
relatively low compared with Ef(AlSb)}^ However, 2D electrons are still present in the 
well for unintentionally doped QWs that terminate with an InAs cap layer. To 
compensate the n-doping contribution from surface states, three cap layers are 
intentionally doped with Be at 10^^ cm*^. Figure 2 (a) plots the self-consistent band 
bending. Here we assume Be binding energies in InAs and AlSb are 20meV and 38meV, 
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respectively, a donor concentration of 4x10^^ cm ^ and an acceptor concentration of 
5x10^^ cm"^ in unintentionally doped AlSb barriers. The acceptor binding energy is 
assumed to be 0.4eV above the AlSb valence band maximum and Ef(InAs) is assumed to 
be 0.15 eV above the conduction band minimum of the In As cap. As shown in Fig. 2 (a), 
the lowest (second) subband energy, Eo (Ej) is calculated to be 100 meV (190meV) 
above the Fermi level (E^\ i.e., the as-grown sample should be insulating. 
Drastic changes in electron density in the InAs QW occur when the three cap layers are 
removed sequentially: Figure 2 (b)-(c) plot the self-consistent band bending for samples 
with different tenninated layers, corresponding to the situation labeled B-C in Fig. 1. 
When the first 3 nm InAs cap layer is removed (called "surface-B" hereafter), the sample 
is terminated with a 3nm-thick AlSb layer. In this case, not only is the total Be dopant 
reduced, but most importantly, E/ is shifted upward due to a relatively high pinning 
position in AlSb surface. Combining these two effects brings the E/ above Eo by 40 meV, 
as shown in Fig. 2(b). Here we assume Ef(AlSb) is pinned at 0.75eV above the AlSb 
valence band maximum. Since the InAs conduction band minimum is O.lSeV above the 
AlSb valence band maximum, E/ is effectively changed by 0.45eV when the 3nm-thick 
InAs cap is removed. In other words, a change of surface material is equivalent to 
applying +0.45eV to a top-gate relative to the substrate. As a result, electrons are induced 
in the InAs QW underneath the etched region. If the subsequent 3nm-thick AlSb cap is 
further removed, the top-most material is InAs again (surface-C), and E/ is pinned back 
to a lower position. As plotted in Fig. 2 (c), E/uov/ lies just slightly below Eq. Compared 
to Fig. 2(a), the smaller separation between Eo and E/is mainly due to a reduced total Be 
dopant. When the last doped InAs layer is eliminated (surface-D), its band bending, 
plotted in Fig. 2(d), becomes similar to that of the surface-B. However, due to the 
absence of p-dopant and a closer distance of the InAs QW to the surface, E/ now lies 
further above Eq. Calculation predicts that Ef-Eg- 90meV, 

To test the proposed scheme, we have grown the structure on semi-insulating (001) GaAs 
substrates by molecular beam epitaxy with cracked As and Sb sources. The as-grown 
sample indeed exhibits insulating characteristic for temperature below 25K or so. We 
fabricated Hall bars using conventional photolithography. Two highly selective recipes, 
acetic acid: H2O2: H2O for InAs and HF: H2O2: lactic acid for AlSb, are used to produce 
different terminated surfaces for three Hall bars, called samples B, C and D, 
corresponding to label of the surface in Fig. 1. Bonding pads are defined by the second 
photolitiiograph level, where all the cap layers and the top AlSb barrier are etched off, 
followed by metal evaporation on the InAs QW surface and lift-off. The inset of Fig. 1 
displays the schematic diagram of the lateral confinement potential for sample B. The 
exact profile requires a 2D self-consistent calculation and an understanding of the 
detailed impurity concentrations in each layer. 

To characterize these three Hall bars, we carried out magnetotransport measurements at 
4.2 K using a conventional four-terminal lock-in technique with a current range of 10-100 
nA at 17 Hz. As predicted, sample C is highly resistive, however, not insulating. The 
resistivity is measured to be > 200 k£2-cm. Figure 3(a) and (b) show the longitudinal (pxx) 
and transverse (pxy) magrietoresistance for sample B and D. Both samples exhibit zero Pxx 
and a quantum plateau in Pxy at integer filling factors, indicating a well defined lateral 
confinement for edge current. The 2D electron density and tnobility for sample B are 
found to be 4.9x10^^ cm'^ and 2.0x10^ cm^A^s, respectively, corresponding to = 2.3 
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|xm. By comparison, both density and mobility are roughly doubled in sample D, 
1.1x10^^ cm"^ and 4.3x10^ cm^m, leading to = 7.5 \xm. The obtained densities imply 
Fermi energies of 43 meV and 88 meV, respectively. These values are in good agreement 
with the band bending calculation, indicating that the parameters assumed in the 
calculation, such as impurity concentration and E/ are realistic. 

With a clear understanding to our sample system, we have further fabricated a number of 
nanostructures by electron-beam lithography using PMMA as the etching mask. Hie left 
inset of Fig. 4 (a) shows an AFM image of a ring with a diameter (dring) of 1 Jim, The 
boundary is smooth on the order of a few nanometers. A cross-section profile analysis 
indicates Wm = 137 nm and, as expected, a 3nm trench for the ring area. Figure 4 (b) 
shows the Aharonov-Bohm interference for a l|4in-diameter ring witfi - 90 nm at 2K, 
where the background raagnetoresistance has been subtracted. The oscillations, whose 
amplitude is about 1.5% of the total signal, are strongly suppressed beyond 2.5T. Figure 4 
(c) is the Fourier transform spectrum of the oscillations below 0.25T, where WJ2 is still 
larger than the magnetic length. It contains spectral density for aperiodic fluctuations, h/e, 
h/2e and h/3e oscillations. Note that the h/e peak, centered at 183 T"\ has an extremely 
narrow full width of 20T^ as opposed to 76 T\ an estimate based on AB"^ = n drUtg 
WJ(h/e). The observed AB"' implies a W« 30 nm conducting channel. 

Advantages And New Features; 

Although nanotechnology is a rapidly developing field, effort in InAs nanofabrication has 
been limited. We have recently fabricated InAs conducting wires and rings as well as 
double-barrier-resonant tunneling dots with a minimum dimension of 30 nm using e- 
beam lithography and reactive-ion etching (RIE).7 However, the electron mean free path 
is decreased as the wire width is reduced as a result of damage on the sidewalls and on 
the top surface during dry etching and O2 ashing. Ultra smallness is obtained at the 
expense of material quality, a drawback for practical applications. Since chemical etching 
is known to cause no damage, we have attempted to isolate InAs wires using 20 nm deep 
wet etching. Unfortunately, marginal control of sidewall roughness hinders this practice 
for deep submicron device fabrication. GeneraUy speaking, the deeper the etched pattern 
is, the rougher the sidewall will be. As a result, chemical etching is rarely applied to 
nanofabrication. Moreover, lateral isolation by the physical isolation of an InAs QW may 
not be the ideal choice since the conducting electrons would be in close proximity to 
surface states and suffer from excess scattering. 

With this new fabrication scheme, no additional surface states are created and the edge of 
the ID electrons is defined by the electrostatic potential. Consequentiy, the electron mean 
free path is expected to be insensitive to the wire width and the material quality will not 
be degraded by the additional lateral confinement. The technique is simple, yet very 
flexible and allows creation of novel nanostructures such as dots with diameters of 16 nm 
would contain only one electron. This dimension, achievable by modem lithography 
techniques, is probably a lower bound since the lateral depletion width has not been 
considered. In addition, the structure discussed in this paper can be modified so that the 
starting density can be lower after the shallow wet etching. We believe our breakthrough 
will lead to a new avenue for spintronic research. In addition, the technique described 
here can be applied to various semiconductor heterostructures as long as a proper 
combination of cap layers is available. 
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Fig. 1 Schematic diagram of the sample staicture (not to scale), where A, B, 
C and D represent different tenminated surfaces. The hatched area indicates 
the induced electrons by a 3nm shallow wet etch. The inset depicts the 
lateral confinement, where two dashed lines mark the edges of the 
conducting channel. 
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Fig. 2 The self-conslstent band bending (a)-(c) for different terminated 
surfaces A-D, indicated in Rg. 1. Two solid lines in the InAs QW show the 
two lowest subbands. 
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Fig. 3 (a) and (b) show the magnetoreslstance data for Hall bars with 
terminatGd surfaces B and D, rGspectlvely. 
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Fig, 4 The Aharonov-Bohm oscillations measured In a Imm-diameter annulus. 
The left inset shows a 2mmx2nnni AFM image. The right inset is the Fourier 
spectrum that reveals signals from aperiodic fluctuations (AF), fundamental 
oscillation, h/e, and higher harmonics, h/2e and h/3e. 
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